We report the fabrication of anisotropic lightweight composite foams based on commercial colloidal silica particles and TEMPO-oxidized cellulose nanofibrils (TOCNF). The unidirectional icetemplating of silica-TOCNF dispersions resulted in anisotropic foams with columnar porous structures in which the inorganic and organic components were homogeneously distributed. The facile addition of silica particles yielded a significant enhancement in mechanical strength, compared to TOCNF-only foams, and a 3.5-fold increase in toughness at a density of 20 kg m -3 . The shape of the silica particles had a large effect on the mechanical properties; anisotropic silica particles were found to strengthen the foams more efficiently than spherical particles. The water uptake of the foams and the axial thermal conductivity in humid air were reduced by the addition of silica. The composite foams were super-insulating at dry conditions at room temperature, with a radial thermal conductivity value as low as 24 mW m -1 K -1 , and remained lower than 35 mW m -1 K -1 up to 80% relative humidity. The combination of high strength, low thermal conductivity and manageable moisture sensitivity suggests that silica-TOCNF composite foams could be an attractive alternative to the oil-based thermal insulating materials.
Introduction
Biopolymers have recently emerged as a potentially viable alternative to oil-based thermal insulators (Zhao et al. 2018 ), e.g. expanded polystyrene (EPS) (Horvath 1994; Jelle 2011 ), a widely used material for domestic insulation. Bio-based thermally insulating foams and aerogels have been produced using e.g. pectins (Zhao et al. 2015a; Groult and Budtova 2018) , cellulose fibers (Nguyen et al. 2014) and cellulose nanomaterials or CNMs (ISO/TS 20,477 2017) (Lavoine and Bergström 2017) . CNMs display a high strength and low thermal conductivity in combination with a versatile surface chemistry (Kontturi et al. 2018) and are now approaching the state of mass production (Rajinipriya et al. 2018) .
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Thermally insulating and strong CNM-based materials with direction-dependent heat transport properties can be produced using processing routes that take advantage of the intrinsically anisotropic properties of nanocellulose (Dri et al. 2014 ). An example of such routes is directional ice-templating, also called freezecasting (Deville 2018) . Initially designed for the processing of ceramics, directional ice-templating has been increasingly utilized for the elaboration of biomaterials with specific architectures (Deville 2010; Wegst et al. 2010) . By applying different directional cooling gradients to liquid dispersions, the growth direction of ice crystals can be controlled. The sublimation of the ice crystals then not only leads to various anisotropic porous structures, but within these structures anisotropic particles can self-assemble in unique ways (Bouville et al. 2014) . In a previous work, TEMPO-oxidized cellulose nanofibril (TOCNF) dispersions were used in such a fashion to generate foams with aligned columnar pores and aligned nanofibrils (Munier et al. 2016) . Ice-templated anisotropic nanocellulose-based foams were shown to display very low thermal conductivity (down to 18 mW m -1 K -1 ) perpendicularly to the fibrils' and pores' axes (Wicklein et al. 2014 ). However, nanocellulose-based foams are moisture sensitive (Saito et al. 2007; Apostolopoulou-Kalkavoura et al. 2018; Guo et al. 2018a; Illera et al. 2018 ), resulting in low strength and increased thermal conductivity at high relative humidity (RH) values.
Inorganic nanoparticles are commonly added to impart additional or improved properties to nanocellulose-based composite materials. Mixing nanocellulose with, for example, particles of clay (Donius et al. 2014; Wicklein et al. 2014) , silica (Chu et al. 2017; Zuo et al. 2019) , hydroxyapatite (Guo et al. 2018b ), metal-organic frameworks (Zhu et al. 2016) or metal oxides (Korhonen et al. 2011 ) resulted in anisotropic composite foams with enhanced mechanical strength, fire retardancy and thermal resistance. Moreover, TOCNF-graphene oxide-sepiolite clay-boric acid foams were shown to display extraordinarily low radial thermal conductivity (Wicklein et al. 2014) ; similar values were also obtained with cellulose nanofibrils and silica using a different approach (Zhao et al. 2015b) .
Herein, anisotropic silica-nanocellulose composite foams were produced by ice-templating aqueous dispersions of TEMPO-oxidized cellulose nanofibrils and isotropic and necklace-like commercially available colloidal silica nanoparticles. The mechanical properties, thermal conductivity and moisture uptake were determined as a function of composition and particle type, and compared to pure TOCNF foams. The influence of relative humidity (RH) on the thermal conductivity was assessed in detail.
Materials and methods

Materials
Never-dried sulfite softwood cellulose pulp (Domsjö dissolving Plus) was provided by Domsjö Fabriker AB (Aditya Birla Domsjö, Sweden) and washed with a pH = 2 hydrochloric acid solution. Sodium hypochlorite (NaClO, Merck), 2,2,6,6-tetramethyl-1piperidinyloxy free radical (TEMPO, Sigma-Aldrich), sodium hydroxide (NaOH, VWR International) and sodium bromide (NaBr, Sigma-Aldrich) were used as received. Aqueous dispersions of colloidal silica, LevasilÒ CS30-236 (''isotropic silica'') and LevasilÒ CS15-175 (''anisotropic silica'') were kindly provided by Nouryon Performance Chemicals (Bohus, Sweden) and diluted with deionized water to the desired concentrations.
TEMPO-oxidized cellulose nanofibrils (TOCNF) were prepared as previously reported using a TEMPO/ NaBr/NaClO system with 10 mmol of NaClO per gram of cellulose (Saito and Isogai 2004) . The TEMPO-mediated oxidation was performed on 40 g of never-dried sulphite softwood cellulose pulp at pH = 10 for 200 min. The oxidized pulp obtained was washed thoroughly with deionized water to remove any excess of reagents. The TOCNF were obtained by grinding using a supermasscolloider grinder (Model MKZA10-15 J, Masuko Sangyo Co., Ltd, Japan) equipped with non-porous grinding stones containing silicon carbide (Disk model MKE). The oxidized pulp was diluted to a concentration of 0.5 wt% and passed through the supermasscolloider 4 to 5 times, using a gap clearance of -50 lm at a rotating speed of 25 Hz.
Particle and suspension characterization
Atomic force microscopy (AFM, dimension 3100, Bruker, USA) operated in tapping mode was used to image the TOCNF and colloidal silica particles. A droplet of 0.005 wt% dispersion was deposited onto freshly cleaved mica substrate and dried under ambient conditions. The average diameter of TOCNF was estimated from the manual measurement of 50 particles .
The surface charge of the TOCNF was estimated by conductometric titration of carboxylic groups (COO -) with sodium hydroxide used as a titrant. The obtained value was 1.6 mmol COO -/g (Saito and Isogai 2004) .
The viscosity of TOCNF and silica-TOCNF dispersions was assessed via rheological measurements, performed at 25°C using a Physica MCR 301 rheometer (Anton Paar) equipped with a smooth concentric cylinder bob and cup geometry (CC27/ T200/SS). The studied dispersions were mixed for several hours using magnetic stirring. Steady-shear measurements were performed from 0.1 to 1000 s -1 and vice versa.
Zeta potential and dynamic light scattering (DLS) measurements were performed using a Zetasizer Nano ZS (Malvern Instruments Ltd., UK), equipped with a 530 nm laser and backscatter detector (at an angle of 173°). The measurements were performed on TOCNF, silica and silica-TOCNF dispersions at a total concentration of 0.005 wt%, mixed for several hours with a magnetic stirrer and, for some of them, sonicated for 10 min (USC500TH, VWR International). After dilution with deionized water, the pH of the dispersions was adjusted using aqueous solutions of hydrochloric acid and/or sodium hydroxide. For each sample, the final results were averaged from the data obtained from 3 measurements of 150 to 200 runs each.
Preparation and characterization of anisotropic silica-TOCNF composite foams
The anisotropic TOCNF and silica-TOCNF foams were prepared by unidirectional ice-templating of aqueous dispersions diluted with deionized water and magnetically stirred for several hours. Cylindrical teflon molds of two different sizes (diameter x length = 2 9 2 cm and 4 9 4.5 cm), closed by a bottom copper plate (Ojuva et al. 2013) , were filled in with the dispersions and directly put in contact with dry ice. With the present setup, the freezing rate of the dispersions was evaluated to approximately 3 K/min. The final dry foams were obtained by ice sublimation at 0.024 mbar and room temperature for 4 days using a freeze-dryer (Christ Alpha 1-2LDplus, Germany).
The apparent density of the foams was calculated from the mass and the volume of the foams, kept for 3 days at room conditions (approx. 22°C and 50% RH).
The porosity of the foams was determined from the skeletal density of bulk cellulose silica materials (values obtained from the literature) and the apparent density of the foams.
Nitrogen sorption measurements were performed using an ASAP 2020 (Micromeritics Instrument Corporation, Nocross, GA, USA). The Brunauer-Emmett-Teller (BET) model (Gelb and Gubbinst 1998) was used to estimate the surface area of the foams. The foams were degassed at 80°C for at least 840 min. prior to the measurements. The Barrett-Joyner-Halenda (BJH) model (Baisheng et al. 2015) was used to estimate the cumulative volume of pores (for diameters between 17 and 3000 Å ) and the average pore diameter in the foam walls.
The porosity of the foam walls was determined by taking into account the apparent and skeletal densities of the foams as well as the results obtained by nitrogen sorption measurements.
Scanning electron microscopy (SEM) images of the foam structures were taken using a HITACHI TM-3000 (Germany) using an accelerating voltage of 5 kV at a magnification of 9 100-200. The same instrument was used for Energy-Dispersive X-ray Spectroscopy (EDS) analysis of the foams. High-resolution SEM images of the foam walls were taken using a JEOL JSM-7401F (USA) using a working distance of 6 mm and an accelerating voltage of 1 kV at a magnification of 9 5000 -45,000. Pieces of foams were mounted on metallic plates previously covered by a carbon or copper tape. A thin layer of gold was coated on the foam pieces before analysis.
X-ray diffraction (Bruker D8 Venture) was used to characterize the degree of alignment (Hermans' orientation parameter) of the TOCNF in the freeze-cast foams. The beam source was molybdenum (Mo) Ka1 (k = 0.71 nm) and the detector was a Shutterless Photon 100 CMOS. A 10°phi scan was performed with an exposure time of 15 s per degree and a sampleto-detector distance of 100 mm.
To determine the Hermans' orientation parameter, the foams were compressed in the radial direction and 2D patterns were recorded. The Hermans' orientation parameter, f H , quantitatively describes the alignment of the TOCNF relatively to the ice growth direction. f H was obtained by azimuthal integration of the (200) peak of cellulose (h = 11.4°) and Eqs. 1 and 2.
where u represents a theoretical angle between a nanofibril main direction and the ice crystal growth direction. This angle can be identified as the azimuthal angle on the 2D pattern ( Fig. 1c ). I(u) represents the intensity at a certain u angle (Sehaqui et al. 2012) .
The compressive behavior of the foams in the axial direction was evaluated using an Instron 5944 mechanical testing instrument (Instron, U.S.A.) equipped with a 100 N load cell. The foams were conditioned for at least 24 h at 23°C and 50% RH prior to the measurements. The mechanical testing was conducted at 23°C and 50% RH at a compression rate of 2 mm min -1 . The compressive Young's modulus was determined from the slope of the initial linear region of the stress-strain curve, and the energy absorbed by the foam (i.e., toughness) was evaluated from the area under the stress-strain curve up to 70% strain (Sehaqui et al. 2011 ). The average value and standard deviations of measurements on five foam specimens are reported.
Differential Scanning Calorimetry (DSC) experiments were conducted to estimate the dry specific heat capacity of the used materials (Mettler Toledo DSC1 STARe System). The foams or initial dispersions were dried for 24 h at 105°C in an oven prior to the measurements. At least 10 mg of material were sealed in aluminum crucibles. A 10 K/min cooling and heating rate were selected for every measurement. The dry specific heat capacity of the materials was determined between -20 and 50°C under nitrogen atmosphere.
The water vapor sorption of the silica-TOCNF foams under controlled RH and temperature was determined by measuring the mass change using a high-precision balance (BP 210 S, Sartorius, Germany) placed inside a humidity chamber (Climacell Fig. 1 Preparation of silica-TOCNF composite foams by directional ice-templating. a Atomic force microscopy (AFM) micrograph illustrating the structure of TOCNF. Transmission electron microscopy (TEM) images of; b isotropic silica and; c anisotropic silica. All scale bars correspond to a length of Evo, MMM group). Prior to the measurements, the foams were dried at 40°C and 20% RH. The moisture content (H2O w ) as a function of RH (20, 35, 50, 65 and 80%) was assessed at 22°C. Each measurement lasted 6 h to ensure that steady state was reached, and the foam mass was measured every 30 s.
The thermal conductivity of the foams was measured using the TPS 2500 S Hot Disk Thermal Constants Analyzer in anisotropic mode (Gustafsson 1991) . The TPS sensor (6.4 mm in radius) was placed between two identical pieces of foams (diameter: 4.1 ± 0.1 cm; height: 2.4 ± 0.2 cm). The good thermal contact between the sensor and the foams was ensured by putting a small weight onto the samples. The heating power was 20 mW and the measurement time was 10 s for each thermal conductivity measurement. The foams were enclosed in the customized cell, allowing the RH to be controlled (between 2 and 80%) using a P2 Cellkraft humidifier (Ocklind 2016) . Five independent measurements were performed with 15 min interval time for each RH on two pairs of foam specimens. The thermal conductivity values of the anisotropic foams at different RH were calculated using the specific heat capacity (Cp) and density of the foams as input. The dry Cp of the foams (Cp dry ) was measured using DSC and the wet Cp (Cp wet ) was calculated using the rule of mixtures taking into consideration the water uptake of the foams at each RH (Eq. 3):
where H 2 O w is the water content by mass in wt%, Cp dry is the dry specific heat capacity of the foams measured in the DSC in J K -1 kg -1 and Cp H2O is the specific heat capacity of water in J K -1 kg -1 . Accordingly, for the wet density, the wet mass of the foams (m wet ) was calculated using Eq. 4:
where m dry is the dry mass of the foams in kg and m H2O is the mass of water in kg.
The foams' shrinkage during thermal conductivity experiments was taken into consideration for assessing the volume change of the foams during the water uptake measurements. The foams were mounted on the customized cell and the volume of the foams was measured after each humidity cycle with a caliper. Taking into consideration the volume shrinkage and the moisture content, the wet density of the foams was calculated and used for the calculations of the thermal conductivity in Hot Disk.
Results and discussion
Freeze-cast silica-TOCNF foams
We have produced silica-TOCNF anisotropic foams by directional ice-templating of aqueous dispersions of cellulose nanofibrils carboxylated via TEMPOmediated oxidation (TOCNF) (Fig. 1a) , and two different types of industrially produced colloidal silica particles. The ''isotropic silica'' (Fig. 1b) , consists of spherical particles with an average diameter of 16 nm. The ''anisotropic silica'' (Fig. 1c) , consists of anisotropic necklace-like particles with minor branching obtained by the fusing of several isotropic particles. The directional ice-templating, or freeze-casting, was performed by exposing the aqueous dispersions to dry ice on one side only through a copper plate (see Fig. 1d ). The ice was then removed by freeze-drying, resulting in lightweight foams (Fig. 1e) .
The amount of TOCNF in the initial dispersions and thus in the foams was kept constant at 0.4 wt%, whereas the amount of colloidal silica was varied. Foams made solely from a 0.4 wt% TOCNF dispersion at pH 7 were used as a reference and are abbreviated with ''T''. Foams made from composite dispersions at pH 10 with isotropic or anisotropic silica were respectively abbreviated with ''I'' or ''A'', followed by a number indicating the silica-TOCNF weight ratio. For example, a foam made from a dispersion containing 0.4 wt% TOCNF and 0.8 wt% isotropic silica will be named I2.
The homogeneity and colloidal state of the dispersions were assessed by zeta potential and Dynamic Light Scattering (DLS) measurements. Table S1 shows that the single component and composite dispersions displayed average zeta potential values between -59 and -45 mV, which suggests that the electrostatic repulsion between the negatively charged particles should be of sufficient magnitude to ensure a good colloidal stability (Park et al. 2015) . DLS measurements were conducted on single component (Fig. S1 ) and composite dispersions (Fig. S2) , with and without sonication. The results showed that the particle size distributions of composite dispersions prepared with magnetic stirring were comparable to those of sonicated mixtures, as well as to the single component dispersions, which supports that the mixtures used during freeze-casting, simply magnetically stirred, are well dispersed.
The obtained freeze-cast foams possess an anisotropic columnar macroporous structure, as schematized in Fig. 2a , in which two characteristic directions can be defined (see Fig. 1e ). The cylindrical pores are oriented in the axial direction, which is parallel to the direction of the ice front's growth during freezecasting. The cellulose nanofibrils are also expected to be oriented in the axial direction, as shown in previous work on freeze-cast nanocellulose foams (Munier et al. 2016) . In order to verify the preservation of TOCNF alignment along the freezing direction in the composite foams, X-Ray Diffraction measurements were performed (Fig. S3 ). All tested foams displayed similar 2D-patterns with two azimuthal intensity peaks. The obtained Hermans' orientation parameter values showed a slight decrease in alignment upon addition of silica. Nevertheless, all average values ranged between 0.19 and 0.26, which corresponds to a moderate alignment (Kriechbaum et al. 2018) . It can thus be concluded that the addition of silica particles did not significantly disrupt the ice-templating-induced alignment of TOCNF.
Scanning Electron Microscopy (SEM) images show very similar macroporous structures for all silica-TOCNF and TOCNF foams prepared in this study. Comparing the structure of an A2 foam in the radial (Fig. 2b) and axial (Fig. 2c) directions confirms that the columnar macropores, with diameters in the range of tens of micrometers, are oriented along the freezing direction. SEM images of other foams studied herein display similar macropore diameters and anisotropic pore structures (Fig. S4 ). Figure 2d shows that the foam walls of the composite foams were very thin, estimated to vary between 50 and 500 nm. Energy-Dispersion X-ray spectroscopy (EDS) analysis on an A2 foam (Figure 2e -f) shows that the Table 1 shows that the surface area of composite foams increased and the average pore diameter in the pore walls decreased with increasing silica content. Furthermore, the total pore volume in the pore walls, for pore diameters between 17 and 3000 Å , was drastically increased with the addition of silica (note that the pore volume refers to the porosity within the foam walls and not to the macroporosity observed in Fig. 2b) . These results indicate that the packing of aligned TOCNF during freeze-casting is becoming less ordered from the presence of silica particles.
Effect of composition on mechanical properties
The compressive behavior of isotropic silica-TOCNF composite foams with silica-TOCNF weight ratios ranging from 1 to 5 displays three distinct regions ( Fig. 3a) : the linear-elastic deformation region at low strains, a plateau corresponding to the elastic then plastic buckling of the foam walls at intermediate strains, and finally the densification region at high strains (Gibson and Ashby 1999) . The toughness of the I foams (Fig. 3b, black circles) , which was calculated by integrating the stress-strain curves between 0 and 70% strain, as well as the elastic Young's modulus (Fig. 3c, black circles) , which was obtained from the linear elastic deformation region, increased with increasing density and silica content in the foams.
Increasing the silica content from 0 to 83.5 wt% in the dry foams (which corresponds to foams T and I5) resulted in a 3.5-fold increase of the toughness while the increase in Young's modulus was ninefold. In fact, Fig. 3b, c show that the increase in toughness with increasing density appeared to be linear, while the evolution of Young's modulus seemed to follow a parabolic relation. Hence, the increase in stiffness with increasing silica content was always larger than the increase in toughness, which resulted in more brittle composite foams at high silica contents. Indeed, compression tests on the composite foams with the highest silica content, I4 and I5, revealed the failure and detachment of millimeter-sized pieces from the main body of the highly compressed foams. Table 2 shows that the specific toughness, i.e. toughness divided by density (Tripathi et al. 2019) , was slightly lower for all the composite foams with isotropic silica compared to the TOCNF foams. Hence, the strengthening of the foams upon loading the TOCNF network with isotropic silica particles was not sufficient to compensate the increase in density. Nevertheless, the I2 foams could sustain a high compression without fracture and displayed the highest specific toughness. From here on, the study will be focused on composite foams with a silica-TOCNF weight ratio of 2.
The A2 foams (see a representative stress-strain curve in Fig. S5 ) displayed a much higher Young's modulus and toughness than the I2 foams (Fig. 3b, c) . In fact, the average Young's modulus for A2 foams (299 kPa) was comparable with that of I4 foams The surface area was estimated via the Brunauer-Emmett-Teller (BET) method, while the average pore diameter and cumulative volume of pores were estimated via the Barrett-Joyner-Halenda (BJH) method. For the cumulative volume of pores, only pores with diameters between 17 and 3000 Å were taken into account (277 kPa), whereas the average toughness for A2 foams (14.2 kJ m -3 ) was comparable with that of I5 foams (14.0 kJ m -3 ). The average density of the A2 foams (20.6 ± 0.8 kg m -3 ) was similar to the I2 foams, which is expected because the silica-TOCNF ratios were identical for the two different foams. Consequently, the specific toughness of the A2 foams (0.69 J g -1 ) was higher than for any I foam and essentially identical as that of the T foams (0.68 J g -1 ). In short, A2 foams showed a similar toughness as foams with more than double amounts of isotropic silica and a 65% higher density, thus maintaining the same specific toughness as nonreinforced T foams. A possible explanation for the difference between the two types of silica could be that the shear forces that act on the suspended particles during freezecasting (Hunger et al. 2013 ) may not only align the TOCNF, but also the anisotropic silica particles. The alignment of the anisotropic silica particles could strengthen the structure in the axial direction. In the next section, the effect of both types of silica particles on the moisture uptake and thermal conductivity will be investigated and compared.
Effect of RH on water uptake and thermal conductivity
The anisotropic thermal conductivity of the freezecast foams, in the radial and axial directions, was measured using the Transient Plane Source (TPS) method in a customized cell where temperature and RH could be controlled. The thermal conductivity measurements were complemented with Differential Scanning Calorimetry (DSC) measurements of the dry specific heat capacity of the foams (Cp dry ) (Table S2) at the temperature of the measurement (22°C), and the water uptake of the foams (H 2 O w ) at the RH of the measurement. Table 3 shows that H 2 O w is lower in the composite foams compared to the T foams for RH between 20 and 80%. The composite I2 and A2 foams displayed a moisture uptake at RH = 20% that was about 3 times lower than the T foams at RH = 20%. Hence, the presence of silica particles appeared to limit the water uptake of the highly hydrophilic cellulose nanofibrils. However, the water uptake of the A2 foams increased strongly at high RH, and approached the moisture uptake of the T foams while the water uptake of the I2 foams remained low. The higher BET surface area and BJH total pore volume (Table 1) of the A2 foams compared to I2 foams suggests that the higher water uptake of the A2 foams compared to the I2 foams at high RH may be related to a difference in the physical barrier created by the different silica particles. Figure 4a shows that the radial thermal conductivity values for the T foams were lower than that of air (25.7 mW m -1 K -1 ) at RH [ 20%, but the composite foams also displayed a thermal conductivity lower than that of air for RH \ 35% (as low as 24 mW m -1 K -1 ). At higher RH, the radial thermal conductivity of the composite foams remained lower than 35 mW m -1 K -1 , which still is a synonym of relatively good performance in comparison with EPS foams, for example (Horvath 1994 ).
The very low thermal conductivity of the composite foams at low RH can be related to the substantial increase in the overall surface area and pore volume of the foam walls, together with a decrease in the average pore size, compared to the T foams. In fact, the thermal conductivity of the foams can be separated in three main contributions, i.e. the conduction in the solid phase, in the gaseous phase present in the columnar macropores and in the gaseous phase present within the wall mesopores (Glicksman 1994) . The variations in mesoporosity between the different foams induce variations in the relative weight of these different contributions. The weight of the contribution to the thermal conductivity of the wall mesopores can be estimated by calculating their specific contribution via the mesopore gaseous conduction k g meso and comparing it to the macropore gaseous conduction k g macro (see details in online Appendix). Table 4 shows that there is a clear difference between the gaseous conduction in the mesopores and the macropores of the foams: with much lower values for k g meso than for k g macro in all foams, it appears that the presence of mesopores is crucial to obtain an overall low thermal conductivity in the material. Table 4 also shows that the I2 and A2 foams possess much higher mesopore fractions compared to the T foams, which could explain why the dry thermal conductivity of composite foams is lower than for T foams, although the densities of the A2 and I2 foams are higher than the T foam.
The thermal conductivities of the I2 and A2 foams in the axial direction as a function of RH (see Fig. S6 ) varied between 82 and 134 mW m -1 K -1 , which is Water uptake in percentage (H 2 O w ) of dry freeze-cast foams, recorded at different RH lower compared to the T foams (values ranging between 84 and 197 mW m -1 K -1 ). The increase in thermal conductivity with increasing RH was clearly reduced by the presence of silica particles; the increase in thermal conductivity from 0 to 80% RH was 133% for the T foams, 64% for the I2 foams and only 54% for the A2 foams. Interestingly, the axial thermal conductivity increase was the lowest for the A2 foams although the water uptake at RH = 80% was almost as high for the A2 and T foams, and much lower for the I2 foams (see Table 3 ). A more direct way of visualizing the anisotropy in the thermal conductivity of freeze-cast foams is proposed in Fig. 4b , where the ratio between axial and radial thermal conductivity, herein called anisotropy ratio, was plotted against RH. The anisotropy ratio of the T foams increased strongly with increasing RH while the anisotropy ratio for composite foams remained almost constant at all RH (between 3.3 and 4.4 for I2 and between 3.4 and 4.1 for A2). The radial thermal conductivity was below the value of air at RH \ 35% and remained lower than widely used insulation materials at RH \ 80%.
Conclusions
We have shown that industrially produced silica particles can be processed together with TOCNF to yield mechanically strong silica-TOCNF freeze-cast foams without the addition of surfactants or dispersants. The composite foams displayed columnar porous structures and the organic and inorganic particles were homogeneously distributed in the foam walls. Foams with a silica-TOCNF weight ratio of 2 displayed a high toughness (about 3.5-fold higher compared to T foams), while maintaining a reasonably low density (around 20 kg m -3 ). Interestingly, the addition of anisotropic silica particles enhanced the mechanical strength of the composite foams much more efficiently than isotropic particles, possibly because the anisotropic particles could align during freeze-casting. The thermal conductivity of the composite foams was less affected by RH compared to the TOCNF-only foams. The thermal conductivity in the radial direction at low RH was actually lower than for TOCNF-only foams, with values comparable to that of air, which was attributed to the increased mesoporosity induced by the addition of silica. The radial thermal conductivity of composite foams remained lower than 35 mW m -1 K -1 up to RH 80%. In the axial direction, the increase in thermal conductivity of the composite foams with increasing RH was significantly diminished compared to TOCNF-only foams.
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